Comprehensive late June surveys have for decades been carried out on the Faroe shelf in order to estimate the abundance of juvenile fish -the 0-group. The abundance of cod juveniles has previously been used in recruitment studies, while the ecological implication of the 0-groups has hitherto received less attention. Here we examined the pelagic 0-group stage in four of the main fish species on the Faroe shelf: cod, haddock, Norway pout and sandeel, representing more than 90% of all juvenile fish on the shelf. A positive relationship between length and abundance at the 0-group stage is observed for all juveniles, and the inter-annual variability was highly similar among the four fish species. Based on this knowledge, we produced a new ecological indicator for the central Faroe shelf ecosystem -the 0-group length index. The 0-group length index is characterized by marked peaks in 1984, 1987, 1994, 2000, 2009, and 2017, which appear to be related to the shelf primary production from spring to mid-summer, and possibly to the marine climate surrounding the Faroe shelf. There is a better temporal overlap between the fish larvae and their prey (i.e., small-to medium sized zooplankton) in years with an early and intensive bloom, while late and/or weak blooms lead to unfavorable feeding conditions. We furthermore show that a large abundance of 0-group fish has the potential to graze down and thus regulate the biomass of large-sized zooplankton during late June. In addition to this top-down influence the 0-group fish clearly impact commercial fish stocks and seabird colonies, and our 0-group length index is therefore a key ecological indicator for the state of the entire central Faroe shelf ecosystem.
INTRODUCTION
The Faroe shelf is a spawning and nursery area for several commercially and ecologically important fish stocks, including cod (Gadus morhua), haddock (Melanogrammus aeglefinus), sandeel (Ammodytes marinus), and Norway pout (Trisopterus esmarkii). These stocks spawn on the Faroe shelf in February-May (Jákupsstovu and Reinert, 1994; Ottosen et al., 2018) . The pelagic larvae and juveniles co-occur in the water column and the youngest stages are retained on the shelf by the shelf front (Gaard and Steingrund, 2001; . The front is typically situated between 100 and 130 m bottom depth (Larsen et al., 2009 ) and it separates the oceanic environment from the well mixed central shelf (CS) water Larsen et al., 2008 Larsen et al., , 2009 ). Thus, the CS contains a distinct neritic ecosystem different from the ecosystem in the outer shelf/open ocean (Gaard et al., 1998; Gaard, 1999; Eliasen et al., 2017a; Jacobsen et al., 2018) .
During the first-feeding period in late April the fish larvae feed on copepod eggs and nauplii (Gaard and Steingrund, 2001 ). The copepod reproduction initiates shortly after the phytoplankton spring bloom (Gaard, 1999; Debes and Eliasen, 2006; Jacobsen et al., 2018) , although some prebloom production occurs (Gaard, 2000; Debes and Eliasen, 2006; Madsen et al., 2008) . As the larvae grow they gradually switch to larger food items. In May the 0-groups feed mainly on copepodites of both neritic and oceanic origin (Gaard and Steingrund, 2001; . The neritic copepod abundance is highly dependent on the local phytoplankton biomass (Gaard, 1999; Debes and Eliasen, 2006; Jacobsen et al., 2018) , while the variable abundance of the ecologically important oceanic copepod Calanus finmarchicus is affected by the variable exchange rate between the on-and offshelf waters as well as the variable production in the open ocean and on the shelf (Gaard, 2000; Gaard and Hansen, 2000; Sundby, 2000; Debes et al., 2008a) and perhaps also the variable predation from 0-group fish . In late June, the 0-group fish feed mainly on late-stage C. finmarchicus (Gaard and Steingrund, 2001; , which also dominates the zooplankton biomass on the shelf (Gaard, 1999; Debes et al., 2005) .
There is a close positive relationship between the CS primary production index (PPI) and fish growth and number of attending seabirds Steingrund and Gaard, 2005) . The highly variable PPI is also reflected in e.g., cod recruitment at age 2 years Steingrund and Gaard, 2005) and in sandeel 0-group growth and survival (Eliasen et al., 2011) . However, there is a negative relationship between the PPI and the zooplankton biomass during summer (Gaard, 2003; Hansen et al., 2005) .
Diatoms usually dominate the phytoplankton biomass in the CS throughout the spring and summer (Gaard et al., 1998; Debes et al., 2008b; Djurhuus et al., 2015) , and therefore the development of the spring bloom is likely dependent on silicate availability, whereas nitrate is replete most years (Eliasen et al., 2017b) . The upper-layer pre-bloom silicate concentrations in the North Atlantic are regulated by the subpolar gyre ( Figure 1A ) and show marked inter-annual variability with a declining trend during the past decades . This variability may have large consequences for the biological production in the North Atlantic including the production of diatoms and zooplankton .
The recruitment to the Faroe cod and haddock stocks has largely failed during the past decade (ICES, 2018) , partly as a result of high fishing mortality and partly by poor environmental conditions (Steingrund and Gaard, 2005) . There are many bottlenecks affecting the final year-class strengths of fish, yet the early life phase of the individuals (i.e., larval and pelagic juvenile stages) is essential for successful further development (Leggett and Deblois, 1994) . Key factors in survival of fish larvae are rapid growth through the early stages of development when vulnerability to predation, starvation and advective loss from suitable nursery areas is highest (Hjort, 1914; Anderson, 1988; Cushing, 1990; Houde, 1997) . Temperature and food availability are considered key drivers for larval growth and survival (Fuiman and Werner, 2002) . Seawater warming increases both growth and the food demand of the fish larvae due to the metabolism and energetic cost of poikilotherms. In temperate waters, such as the Faroe shelf and the North Sea, recruitment is better during cold years (Ottosen et al., 2018) , potentially due to higher abundances of copepods in suitable sizes for the fish larvae and better temporal overlap between the larvae and their prey during cold years (Beaugrand et al., 2003) .
Many nations conduct 0-group surveys upon which they base their first prediction of the year-class strength of commercial fish species (e.g., Sundby et al., 1989; Anderson and Dalley, 2000) , but such early indications of year-class strength do not always correlate well with recruitment (Astthorsson et al., 1994; Jákupsstovu and Reinert, 1994; Anderson and Dalley, 2000; Steingrund et al., 2010) . Still, 0-group indices are not only assembled for commercial fish species, but also e.g., Norway pout and sandeel. These two species play key roles in the CS ecosystem acting as intermediate trophic level species being preferred food for saithe (Pollachius virens) (Homrum et al., 2012) , cod (Eliasen et al., 2011) and many seabird species . Furthermore, larvae and 0-group fish utilize the annual pelagic production of zooplankton. Wide distribution and high abundance of the 0-group fish make these an important link in the energy transfer in marine ecosystems (Eriksen et al., 2011) .
The here utilized 0-group survey data have provided annual information on the abundance, distribution and size of pelagically distributed fish species on the Faroe shelf since 1983. In the present paper, we have investigated the length and abundance of the four most abundant 0-group fish species, i.e., cod, haddock, Norway pout and sandeel for the years 1983-2018. We have used a holistic approach by studying the 0-groups temporal and to a lesser extent spatial variations in relation to relevant local environmental variables like temperature, phytoplankton, and zooplankton biomass and large-scale environmental processes like pre-bloom open-ocean nutrient availability. Moreover, the age composition of cod in four contrasting years was studied. By comparing age-length relationships in juvenile cod, we examined whether inter-annual size differences are growth or age related, and by examining the back-calculated hatch date compositions our aim was to determine if differences in survival are linked to the environment.
MATERIALS AND METHODS

Survey Area and Sampling
The main material was collected on an annual 0-group survey in the second half of June 1 on the Faroe shelf during the period 1983-2018, which is toward the end of the pelagic phase (i.e., close to settlement) of 0-group cod and haddock. The primary purpose of the survey is to obtain an early prediction of the yearclass strength of cod. Indications of year-class strength of other fish species, e.g., haddock, Norway pout and sandeel are also obtained during the survey in addition to data on distribution and length of all juveniles caught. Length is measured to get an indication of the condition of the juveniles. Environmental variables that directly or indirectly might affect the 0-groups have been an integrated part of the survey since 1989/1990. These environmental parameters are temperature and salinity, nutrients and phytoplankton, and zooplankton. Since 1993 the survey has had a fixed station grid (Figure 1B) , however, prior to this the stations were selected according to a random design. 100 survey haul stations have been occupied every year. In order to reduce possible effects from diel vertical migrations and the effects from possible differences in vertical distribution and feeding behavior during the day and night, the sampling was carried out during daytime, between 06:30 and 18:30.
Fish Juveniles
Fish juveniles were collected with a small pelagic trawl with 5 mm mesh size in the codend with a mouth opening of about 8 m (horizontally) times 4-5 m (vertically). The trawling depth was approximately 30-40 m; the exact depth chosen was based on the recordings on the echo-sounder. Thus, the number and biomass of the juveniles might be somewhat overestimated. The towing speed was three knots and the duration of each haul was 30 min. The species were identified, length measured to the nearest millimeter below and counted on board. In the cases of very large catches, subsamples were analyzed and the results were calculated to total catches.
To get an idea of the predatory capacity of the 0-groups an estimation of the dry weight of the fish juveniles was calculated. Biomass (dry weight) estimates were calculated from cubic length assuming condition factors of 1.01 for cod, 0.98 for haddock, 0.76 for Norway pout, and 0.28 for sandeel and a wet weight to dry weight conversion factor of 0.18. The condition factors were based on weight-length relationships of fish caught in the autumn (August-September) bottom trawl survey.
The spatial abundances shown were based on data from all survey 0-group hauls from 1993 to 2018, i.e., on data from the entire fixed station grid, while time series of juvenile abundances, biomass and lengths are averages over all stations inside the 100 m bottom depth contour, i.e., CS stations.
Furthermore, to get a more reliable and rigorous indicator for the 0-groups condition and to simplify our investigation of possible environmental drivers for the mean size of all four fish species, the mean length of all four fish species were collated into a so-called 0-group length index using principal component analysis (PCA) (Legendre and Legendre, 1998; Frederiksen et al., 2007b) . Length was preferred over abundances/biomass considering that abundances may be more affected by e.g., variable weather conditions and patchiness during sampling and also by peculiarities in the population dynamics of the different species. Sandeel was almost twice the length of the other species, thus in order to make each species contribute equally to the PCA the lengths were standardized prior to the analysis. The 0-group length index is represented by the first principal component.
Zooplankton
Zooplankton sampling was initiated in 1989 and was collected with vertical hauls from 50 m depth to the surface using a WP-2 net with a mesh size of 200 µm. The towing speed was 0.3-0.5 m s −1 . Zooplankton biomass was determined by drying at ∼60 • C until a constant weight was attained. The time series for zooplankton biomass represents an average over all stations inside the 100 m bottom depth contour, i.e., CS stations.
Additionally, in 2016 and 2018 zooplankton samples were collected weekly using a net with a mesh size of 100 µm at the land-based station S ( Figure 1B ). This station pumps large amounts of seawater (about 15 tons min −1 ) from 18 m depth at a location on the CS, where the water column is always well mixed from surface to bottom (Larsen et al., 2008) .
Phytoplankton
The PPI-index (PPI) was calculated based on drawdown in nitrate concentration from winter to June 26th at two stations in the CS water mass (Figure 1B) , adjusted by an estimate of net inflow of nitrate. The method for calculating the index is described in and Steingrund and Gaard (2005) . The PPI is an approximate index of new primary production only.
Furthermore, weekly chlorophyll a (chl) measurements were carried out at station S. Chl was measured spectrophotometrically according to Parsons et al. (1984) .
Nutrients
Pre-bloom, upper-layer nutrient (i.e., nitrate and silicate) measurements were carried out at stations FX9, ST5, and N04 ( Figure 1A) . The stations are located in the northern Irminger Sea (FX9), northern Iceland Basin (ST5) and north of the Faroe Islands (N04), respectively. Nutrients were measured according to Grasshoff et al. (1999) . The samples were taken during the pre-bloom period, i.e., in February-April, and nutrient concentrations were vertically averaged over 15-200 m depth.
Temperature and Salinity
Temperature data dating back to 1992 were acquired at Station O ( Figure 1B) and measured using Aanderaa, Sensordata and recently Starmon temperature recorders. Salinity samples have been collected at Station S since 1996 and measured using an Autosal salinometer (Larsen et al., 2008) . Like Station S, Station O is placed in well-mixed CS water and the temperature variations at the two stations are almost identical (Larsen et al., 2008) . In the present study, when comparing temperature and salinity to the 0-group and other variables, mean temperatures and salinities for February-June were applied.
Growth and Age: A Case Study Using Cod
Age Determination
In some years, subsamples of juvenile cod were collected and stored in ethanol. Due to large variability in the mean length of cod between years, the age of juveniles from the 1997, 2001, 2015, and 2016 cohorts was determined by studying daily growth rings in the otoliths. In the laboratory the fish were length measured to nearest mm. No correction for shrinkage due to preservation was made. Sagittae and lapillae from a total of 393 juveniles were removed under a dissecting microscope with a polarized light source, and mounted on microscope slides using mounting wax. Otoliths were hand-polished with wet/dry sandpaper with grit sizes ranging from 0.3-2.5 µm until the core and all increments were exposed. For more information on otolith removal and preparation see Secor et al. (1992) . Pictures of the otoliths were taken with 20×, 40×, and/or 63× magnification and calibrated with a 1 mm ruler to microns. The images were saved and otolith analyses were done using an image analyses system (Image Pro V. 4 or ImageJ). In most cases the counting was done on the lapillus, but in some cases the sagitta was used. To validate the age reading 85 or around 20% of the otoliths were read twice. The coefficients of variation (CV) showed that there was generally good agreement between the two readings (mean CV = 3.7%, range 0-14.3%).
Time of Spawning
To account for the role that timing of spawning of the parent generation had on the age of the cod juveniles, the spawning distribution was estimated based on data on maturity of fish captured in the spring (February-March) bottom trawl survey. More details on the data material and calculations are described in Ottosen et al. (2018) .
Statistical Analyses
The spatial analyses of log-transformed fish juvenile abundances and zooplankton biomasses were based on interpolation between points and images were assembled by applying the function image.plot using R (R Core Team, 2018).
For correlation purposes, the Pearson correlation coefficient was determined. All correlations were tested for autocorrelation (Pyper and Peterman, 1998) . When comparing one continuous (dependent) variable to more than one (independent) variable, we used multiple linear regression. If an independent variable was qualitative or conditional multiple linear regression was replaced by ANCOVA. When comparing means, we used two sample t-tests. The tests were performed using R (R Core Team, 2018) and the XLstat ecology software. A p-value of 0.05 or lower was considered statistically significant.
RESULTS
Spatial Distributions
The (1993-2018) spatial distribution of the four species showed that cod, Norway pout and sandeel juveniles generally tended to be found in shallower waters than haddock. All four species showed highest concentrations on the eastern side and lowest concentrations in a tongue extending onto the shelf from the south-western side of the shelf (Figures 2A-D) . Furthermore, zooplankton distribution during the second half of June showed high biomass in the outer shelf areas and small biomass in the CS area ( Figure 2E) . The difference in mean abundance within the 100 m bottom depth contour (i.e., CS) and outside the 150 m bottom depth contour was highly significant in the case of cod, Norway pout, sandeel and zooplankton biomass (two sample t-test, p < 0.01), and approaching significant in the case of haddock (two sample t-test, p = 0.06).
The 0-Group Length Index
The total number of cod, haddock, Norway pout, and sandeel amounted to more than 90% of the total survey catches of all fish species. The mean abundance ( Figure 3A ) and mean length ( Figure 3B and Table 1 ) of all four species varied greatly between years. There was a large degree of synchrony in abundance variability between the four species ( Figure 3A) and an even larger degree of synchrony in length variability with simultaneous peaks in 1984, 1987, 1994, 2000, 2009, and 2017 (Figure 3B ) indicating simultaneous environmental influences on mortality and individual sizes of all four species. There was also a positive relationship between length and abundance within and among the different 0-group species (Table 2) ; thus, high/low abundances of juveniles relate to large/small mean lengths.
Based on the mean length of the four fish species an 0-group length index was constructed using PCA ( Figure 3C) . The 0-group length index is represented by the first principal component, which explained ∼95% of the total inter-annual variability. Since the mean lengths were highly synchronous between the species (Table 1 and Figure 3B ), the loss of information from the PCA was kept to a minimum and the index must be considered robust.
Covariability With Environmental Indicators
The inter-annual variability in the 0-group length index resembled the inter-annual variability in zooplankton biomass, PPI and silicate at FX9 (Figure 4) . The inter-annual variations in silicate concentrations at FX9, ST5, and N04 were similar. The concentrations at FX9 were higher, though peaks at all three locations occured in synchrony ( Figure 4D) . The longest record, FX9, was therefore used as representative for the pre-bloom nutrient concentration off the Faroe shelf.
According to a multiple linear regression model the zooplankton biomass and PPI are significant predictors of the 0-group length index (adjusted r 2 = 0.71, p < 0.001). Silicate approached significance (p = 0.06), while nitrate, temperature and salinity had no predictive value (p > 0.1). Pairwise correlations between the variables are shown in Table 3 .
The PPI (and pre-bloom silicate concentration) were positively related to the 0-group length index indicating bottomup relationships (Table 3 and Figure 4) . A comparison between the PPI and the average chl from April-June shows that the two are highly correlated (r 2 = 0.87, p < 0.01) (Figure 5) .
The PPI was highest in years with an early, intensive and prolonged bloom, i.e., 2000-2001 and 2017 . When the spring bloom was delayed or disrupted, i.e., years 1999, 2004, 2008-2010, and 2014 , the PPI was typically around average, while a late and low magnitude of spring bloom resulted in a below average index value (Figures 5, 6) .
Furthermore, the abundance of copepod nauplii at station S followed the chl concentration with a 2 weeks delay (Figure 7) .
However, in June the standing stock of zooplankton biomass was negatively related to the 0-group length index (Table 3 and Figure 4) . And, when the 0-group biomass was at its highest (i.e., in 2000, 2001, and 2017) it exceeded the zooplankton biomass ( Figure 4B ). This indicates a top-down pressure effect of the 0-groups on the zooplankton.
Growth and/or Age? A Case Study Using Cod
In order to investigate if growth and age of the fish juveniles were different from 1 year to another, otoliths from 0-group cod from the contrasting 1997, 2001, 2015 , and 2016 yearclasses were examined. The length of the juveniles captured in 1997 and 2015 was well below the long-term mean. In 2016 the length was around average and in 2001 the length was well above the long-term mean (Figures 3B,C) . A relationship between otolith growth and somatic growth was established by the curved positive correlation between estimated age and length of the cod juveniles (Figure 8) . However, there was a significant effect of year on the size of the juveniles after controlling for age (ANCOVA, p < 0.01). Thus, any increase in age (i.e., a daily growth increment) of cod in one particular year would not necessarily reflect the same proportional increase in another year. This was especially true for the 2001 year-class, which was significantly larger at age than the 1997, 2015, and 2016 yearclasses (Figure 8) , indicating much higher growth rates in 2001 compared to the other years.
The otolith age analyses revealed that the peak in hatch dates varied by almost a month between the 4 years studied (Figure 9) . The back-calculation of hatch dates showed that the oldest cod juvenile was hatched on March 8, 2016, while the youngest was hatched on May 17, 1997. 50% of the juveniles were hatched before April 30, 1997 , April 16, 2001 , April 22, 2015 , and April 3, 2016 . The hatching was thus displaced 27 days between year 1997 and year 2016 (Figure 9) . The variability in peak spawning date Since the mean length of all four fish species, i.e., cod, haddock, Norway pout, and sandeel in late June co-varies ( Figure 3B ) it is reasonable to assume that the differences in growth and survival from 1 year to another observed in juvenile cod also exists in the other three fish species.
DISCUSSION
In this paper, we have investigated the size and abundance of the four most abundant 0-group fish species on the Faroe shelf, i.e., cod, haddock, Norway pout and sandeel for the years 1983-2018 and studied their temporal (and spatial) variations in relation to relevant environmental variables. The outcome showed that the mean lengths of juveniles within the CS during June had a high inter-annual variability, and the temporal development was highly similar between the four species ( Figure 3B) . For all 0-groups, a relatively large length co-fluctuated with high abundances ( Table 2 ). The close inter-annual synchrony between all four fish species justified an integration of all the fish records into a single 0-group length index. The main results showed that (i) the state of the juveniles appears to be regulated by the environmental conditions during spring -a bottom-up processand that (ii) the juveniles, in turn, most likely regulate the biomass of zooplankton within the CS during summer -a topdown process. The number of observations is shown in brackets. Significance levels: * * p < 0.01; * p < 0.05. The p-values are calculated with autocorrelation accounted for (section "Statistical Analyses").
Bottom-Up Processes During Spring
Our first finding, that the condition of the pelagic juveniles is regulated by bottom-up processes is supported by the positive correlations between the 0-group length index and the PPI (Table 3 and Figure 4 ). Evidence of a linkage between 0-group sandeel indices and the PPI has been shown before in Eliasen et al. (2011) . The growth rate of larvae and pelagic juveniles is generally expected to be higher in warm years provided that there are sufficient food resources (Houde, 1989; Folkvord, 2005) . However, the CS 0-group length index did not follow the quite low variability in CS seawater temperature, and, if anything, the 0-group juveniles tended to be larger during cold years (Table 3) . Therefore, there must be other effects such as earlier spawning, increased survival of the earliest hatched larvae and/or increased food availability to the larvae that over-ride the direct effects that temperature is expected to have on the size of the juveniles.
Under the assumption that cod spawns in several batches, distributed evenly through early spring and in a similar fashion every year, it is reasonable to assume that food limitation during the late spring/early summer months may have led to low survival in years with low primary production (as in 1997 and 2015) and vice versa in years with high primary production (as in 2001). However, the spawning timing is not entirely fixed (Figure 9) . Thus, since the 0-group surveys are conducted at a given date (late June), one could argue that the 0-group index is simply regulated by variable spawning timing. To disentangle the relative importance of spawning variability vs. variability in survival and growth of the 0-groups, otolith age analysis on cod juveniles collected during four dissimilar years was conducted. The analysis showed that the juvenile cohort from 2001 was larger at age compared with the other cohorts (i.e., 1997, 2015, and 2016 cohorts) (Figure 8) . Furthermore, the back-calculated hatch dates showed that the 2001 and 2016 cohorts were spawned earlier than the 1997 and 2015 cohorts, even though the spawning itself in 2001 occurred relatively late (Figure 9 -dashed lines) . This suggests (i) better feeding conditions in 2001 (and 2016) compared with the other years, and (ii) better survival of the first spawned larvae in 2001 and 2016 compared with 1997 and 2015 (i.e., the larvae spawned during the early spawning period, i.e., February-March in 1997 and 2015 did not survive until the late June survey). Comparing the PPI values in these 4 years shows that the CS primary production was highest and extended from mid-February to late May in 2001, thus matching with the hatching and early larval phase of cod. Meanwhile, the PPI was below average in 1997 and 2015 as a result of a late and low spring bloom accompanying a mismatch between larvae and their prey.
On the Faroe shelf, once the spring bloom primary production has started, the secondary production follows shortly after ( Figure 7 ; Gaard, 1999; Debes and Eliasen, 2006; Debes et al., 2008a; Jacobsen et al., 2018) . Furthermore, there is a significant positive relationship between the phytoplankton biomass (chl) and abundance of small-and medium-sized zooplankton (<1.2 mm) in particular neritic copepods in spring (Jacobsen et al., 2018) . Cod larvae select these small-to mediumsized (mainly) neritic copepods during mid-late May (Gaard and Steingrund, 2001 ). The abundance of neritic zooplankton therefore most likely affects the feeding conditions of small fish larvae during spring, and could thus be a major factor affecting the abundance of fish larvae and juveniles in spring and summer.
However, the bloom initiation (i.e., the time when the chl concentration exceeds 1 mg m −3 ) (Eliasen et al., 2017a (Eliasen et al., , 2019 was still at best approximately 2 weeks after the peak in hatch dates (Figure 6 ). This indicates that the first few weeks of larval feeding, i.e., the feeding on copepod eggs, is not dependent on the local chl concentration. C. finmarchicus produces eggs during the pre-bloom phase based on winter lipid reserves (Jónasdóttir et al., 2008; Madsen et al., 2008) , and on-shelf transport of C. finmarchicus eggs and nauplii is also considered to be an important food source for fish larvae during spring on the Faroe shelf (Gaard and Steingrund, 2001 ). To unravel the relative importance of neritic vs. oceanic zooplankton for the fish larvae within the CS, more research is required. For our subsequent discussion it suffices to realize FIGURE 11 | The breeding success of the Faroe kittiwake from Hátún et al. (2017b) . The gray bars are equivalent to the gray bars in Figure 4. that the neritic zooplankton species mainly rely on the onshelf primary production, while the abundance of the oceanic C. finmarchicus depends on both the local production in addition to the abundance in and exchanges with the open ocean surrounding the Faroe shelf.
The drivers underlying the marked inter-annual variability in primary production in the CS spring bloom are still not thoroughly understood. A so-called critical volume hypothesis, involving the establishment and shoreward movement of the tidal front together with variable isolation, has recently been suggested to explain the onset timing of the bloom (Eliasen et al., 2019) . The diatom-dominated spring bloom usually becomes silicate limited in spring/summer, and a prerequisite for a prolonged diatom bloom is an erosion of the shelf front giving access to a silicate reservoir at depth on the outer shelf (Eliasen et al., 2017b) . Silicate concentrations across the north Atlantic have similar trends and peaks ( Figure 4D ) and are linked to the subpolar gyre dynamics as represented by the gyre index . The silicate concentration off the Faroe shelf may therefore influence the intensity of the CS primary production, in addition to the oceanic phytoplankton dynamics (Allen et al., 2005; Pacariz et al., 2016) .
There was a synchrony between peaks in the silicate concentration off the Faroe shelf ( Figure 4D ) and in the CS 0-group length index ( Figure 4A) . There was also a significant positive correlation between silicate and the PPI (p < 0.05) ( Table 3 ). In addition, the oceanic silicate concentrations may also be an indicator of the oceanic concentration of C. finmarchicus . The zooplankton biomass south of Iceland and in subarctic waters north of the Faroe slope (Kristiansen et al., 2019) has been linked to the gyre index. Hence, the marked peaks in silicate that are also recognized in the 0-group length index may also represent an increased production of off-shelf C. finmarchicus. In this way, the dynamics of the subpolar gyre may influence both the CS primary production and the CS zooplankton biomass.
Top-Down Processes During Summer
Our second finding, that the fish juveniles affect the concentration of zooplankton within the CS during summer is supported by the significant negative relationship between the 0-group length index and the standing stock of zooplankton biomass during late June -both in time (Table 3 and Figure 4) and space (Figure 2) . A comparison between the 0-group biomass and the zooplankton biomass ( Figure 4B ) in late June showed that the estimated 0-group biomass in years with a high 0-group length index exceeded the zooplankton biomasswhich thus supports the above mentioned top-down statement. In addition to fish juveniles, adult sandeel seems to be the only significant predator on the zooplankton in the Faroe shelf ecosystem. However, due to large predation by e.g., adult cod, haddock and many seabird species , the number of adult sandeel is usually much smaller than the number of fish juveniles. Other predators on the zooplankton such as larger zooplankton usually are of very minor importance. A possible top-down regulation by the Faroe shelf 0-groups on the zooplankton during summer has only briefly been mentioned in the literature before as a secondary finding in a study by . However, this type of relationship between zooplankton and higher trophic levels is recognized in other marine ecosystems (e.g., Frank et al., 2005 Frank et al., , 2007 Fauchald et al., 2011) .
A previous attempt to explain the inverse relation between the PPI and the summer zooplankton biomass involved an exchange hypothesis which suggested that the observed low zooplankton biomass within the CS in late June in years with a high PPI was a result of low influx of C. finmarchicus from off-shelf waters and vice versa in years with a low PPI . However, the evidence for a relationship between zooplankton biomass and advection remains elusive (Jacobsen et al., 2018) . Here, we hypothesize that in years with an early and intensive spring bloom, stimulating early and high abundance of neritic small-to medium-sized copepods, the abundance and feeding conditions of larvae in spring (April and May) are good and the abundance and growth of the fish 0-groups is high. This high abundance of the 0-groups may then be able to predate down the copepods during May and June. In years with late and low phytoplankton growth in spring the situation is reversed.
A top-down regulation by the 0-groups on the zooplankton implies that there might be food shortage at the late juvenile period in years with high growth and survival. This is supported by a study by who found a high proportion of empty cod and haddock stomachs in late June. Furthermore, a study by Jacobsen (in prep.) on the feeding ecology of cod in the CS shows that in late June there is a higher proportion of empty stomachs in juveniles in good years (i.e., 2000 and 2001) compared with poor years (i.e., 2004-2005) indicating food scarcity in the second half of June in good years.
Links to Other Trophic Levels in the Ecosystem
The 0-groups are preyed upon by several fish and seabird species in the CS Eliasen et al., 2011; Homrum et al., 2012) , and thus likely affect their predators' growth, abundance and distribution. The breeding success of Faroe blacklegged kittiwakes , which prefer 0-group sandeel in the CS during summer, corresponds well with the 0-group length index with peaks in 1994-1995, 2000-2001, and 2009 (Figure 11 ). This indicates a coupling between the 0-group strength and the kittiwake breeding success. Kittiwakes are widely used as indicators of marine ecosystem status (Hamer et al., 1993; Frederiksen et al., 2007a; Wanless et al., 2007; Cook et al., 2014; Hátún et al., 2017b) . Similar fluctuations are furthermore identified in a broad selection of higher trophic level records from the Faroe shelf Steingrund and Gaard, 2005; ICES, 2018) . Hence, the 0-groups very likely have key roles in the CS ecosystem as intermediate species that connect the plankton to nonplanktivorous species, and potentially also by influencing the abundance of planktivorous pelagic fish species and other planktivorous animals. A comprehensive description of the bottom-up impact of the variable 0-group abundance on upper trophic level species warrants an analogous study on this particular topic.
Moreover, the abundance of mackerel increased in the Faroe area after 2005 (Nøttestad et al., 2016) , and local fishermen have postulated that this pelagic predator could have influenced the year-class strengths of cod and haddock. The results in the present paper suggest, however, that the mechanism may be the direct opposite: low abundances of fish larvae and pelagic juveniles from demersal species are not able to graze down the zooplankton biomass during summer, and this leaves a considerable food source to migrating pelagic fish such as mackerel.
The grazing-down of zooplankton by fish larvae could potentially lead to reduced growth or survival of fish juveniles later in life. However, that appears not to be the case as shown by the positive correlation between 0-group indices and subsequent recruitment to the fishable stock of cod and haddock (Jákupsstovu and Reinert, 1994; Steingrund et al., 2010) . A potential reason for this could be that cod and haddock juveniles stop feeding on zooplankton after they have settled to the bottom and target benthic prey instead. Other processes, such as cannibalism, may also affect recruitment of cod (Steingrund et al., 2010) . The present study focuses on processes during the first spring-summer season, and can provide a basis for follow-up studies on the relationship between the 0-group and recruitment to the commercial fish stocks.
CONCLUSION
The four discussed species, cod, haddock, Norway pout, and sandeel amount to more than 90% of the total juvenile fish abundance on the central Faroe shelf. Close inter-annual synchrony between all four fish species justified an integration of all the fish records into a single so-called 0-group length index. The 0-group growth and survival in the central Faroe shelf was found to be bottom-up controlled and highly dependent on the spring bloom primary production with large growth and high survival in years with an early and prolonged plankton bloom. The dynamics of the subpolar gyre might also play a role in the state of the 0-group through its regulation of the pre-bloom silicate concentrations and/or abundance of C. finmarchicus in the oceanic waters surrounding the Faroe shelf. Subsequently, the inter-annual variability in biological production in the central Faroe shelf ecosystem shows increased productivity typically for a couple of years with a 5-8 year period. The fish growth and survival clearly appears to be bottom-up regulated, but then shifts to top-down regulation as the season progresses. The juveniles likely have a significant ecological role by their top-down predation pressure on the zooplankton biomass during summer and, at least in the case of sandeel and Norway pout, fueling higher trophic levels, e.g., demersal fish stocks and seabird populations. Our novel 0-group length index should therefore be regarded as a key ecological indicator for the environmental/biological conditions in the central Faroe shelf ecosystem. A more detailed investigation on the feeding ecology of the 0-groups during spring and summer is, however, warranted.
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